Abstract: This paper has two aims. The first is to develop a robust hierarchical tracking controller for the DC/DC Buck-Boost-inverter-DC motor system. This controller considers a high level control for the inverter-DC motor subsystems and a low level control for the DC/DC Buck-Boost converter subsystem. Such controls solve the tracking task associated with the angular velocity of the motor shaft and the output voltage of the converter, respectively, via the differential flatness approach. The second aim is to present a comparison of the robust hierarchical controller to a passive controller. This, with the purpose of showing that performance achieved with the hierarchical controller proposed in this paper, is better than the one achieved with the passive controller. Both controllers are experimentally implemented on a prototype of the DC/DC Buck-Boost-inverter-DC motor system by using Matlab-Simulink along with the DS1104 board from dSPACE. According to experimental results, the proposal in the present paper achieves a better performance than the passive controller.
Introduction
According to literature, several applications have benefited using DC/DC power electronic converters as drivers for DC motors [1] [2] [3] [4] [5] [6] [7] . Particularly, mechanical systems [1] , robots [2] [3] [4] , electric vehicles [5] , and renewable energy [6, 7] . Thereby, the design of controls for DC motors driven by DC/DC power converters is a current research topic. On the one hand, important works dealing with DC/DC converters-DC motor systems are: Buck-motor [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , Boost-motor [19] [20] [21] , Buck-Boost-motor [22, 23] , Sepic-motor and Cuk-motor [24] . In [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] the unidirectional drive of the motor shaft was solved. This was accomplished due to the operation principle of the DC/DC converters since they only deliver unipolar voltages. On the other hand, DC/DC converters have been used to generate bipolar voltages with the aim of bidirectionally driving DC motors [6, [25] [26] [27] [28] [29] [30] [31] ; leading to the DC/DC converter-inverter-DC motor systems which are the subject of this paper. In this direction, the modeling and experimental validation of the DC/DC Buck-inverter-DC motor system was reported in [25] by Silva-Ortigoza et al. For the same system, a passivity-based tracking control and robust tracking controls were proposed by Silva-Ortigoza et al. in [26] and Hernández-Márquez et al. in [27] , respectively. García-Rodríguez et al. in [28] and Silva-Ortigoza et al. in [29] developed the mathematical model and a passive tracking control for the DC/DC Boost converter-inverter-DC motor system. Moreover, for the DC/DC Buck-Boost converter-inverter-DC motor system, Hernández-Márquez et al. carried-out the modeling and experimental validation in [30] and designed a passive tracking control in [31] . Lastly, Linares-Flores et al. solved the regulation problem associated with the DC/DC Sepic converter-inverter-DC motor system via a passive control in [6] . It is worth noting that industrial and mechatronic applications would be limited if [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] were only considered compared with [6, [25] [26] [27] [28] [29] [30] [31] . For example, in mobile robots [2] [3] [4] , and underactuated mechanical systems [32, 33] , among others.
Having undertaken the literature review associated with DC motors driven by DC/DC converters, it was found that several controls have solved the angular velocity regulation and trajectory tracking tasks in two fashions: (i) unidirectional [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and (ii) bidirectional [6, 26, 27, 29, 31] . Motivated by the ideas previously mentioned, the hierarchical control approach in mobile robotics (see [2] [3] [4] 34] ), and use of DC/DC converter-DC motor systems (see [11] [12] [13] 27] ), the purpose of the present paper is twofold. First, to introduce, for the first time, a robust hierarchical tracking controller for the DC/DC Buck-Boost converter-inverter-DC motor system. Secondly, to experimentally validate the proposed approach and compare to results associated with the passive controller reported in [31] . The aim of this comparison is to show that performance achieved with the hierarchical controller is better than the one achieved with the passive controller.
The remainder of this paper is as follows. In Section 2 the DC/DC Buck-Boost converter-inverter-DC motor system is presented. In Section 3 the robust tracking controller is developed. In order to verify the performance of such a controller, in Section 4 experimental results are shown. Finally, concluding remarks are given in Section 5.
DC/DC Buck-Boost Converter-Inverter-DC Motor System
This section presents the DC/DC Buck-Boost converter-inverter-DC motor system and its corresponding mathematical model.
The electronic diagram of the system under study is shown in Figure 1 . As can be observed, such a system is composed of three subsystems: Buck-Boost converter, inverter, and DC motor. The DC/DC Buck-Boost converter steps-down or steps-up the input voltage to the DC motor. This converter is composed of a power supply E, a transistor Q 1 and a diode D that regulate the output voltage υ in capacitor C and load R, and an inductor L where the current i flows through. The inverter aims to drive the bidirectional rotation of the motor shaft. It is composed of four transistors which are labeled as Q 2 and Q 2 ; these devices operate complementary to each other. That is, if Q 2 is on, then Q 2 is off and vice versa. Regarding the DC motor, parameters R a and L a are the armature resistance and armature inductance. While i a and ω are the armature current and angular velocity of the motor shaft. Additionally, for the DC motor, the parameters J, b, k e , and k m are considered, which correspond to the moment of inertia of the rotor and load, the viscous friction coefficient, the counterelectromotive force constant, and the torque constant, respectively. The average model of the DC/DC Buck-Boost-inverter-DC motor system, according to [30] , is given by
with u 1av ∈ [0, 1) and u 2av ∈ [−1, 1] the duty cycles of the Buck-Boost converter and inverter, respectively, whereas the remainder of the parameters were previously defined.
Hierarchical Controller
By considering the hierarchical controller approach, similar to the one used in mobile robotics [2] [3] [4] 34] and DC/DC converter-DC motor systems [11] [12] [13] 27] . In this section, a hierarchical controller that solves the bidirectional angular velocity tracking task for the DC/DC Buck-Boost-inverter-DC motor system is designed. This controller has the following structure:
A. High level control. This is a differential flatness-based control, u 2av , and is related to the inverter-DC motor subsystems. This control ensures the required voltage ϑ so that the bidirectional angular velocity trajectory tracking task can be achieved, i.e., ω → ω * . B. Low level control. In order to solve the voltage tracking on the Buck-Boost converter subsystem, i.e., υ → υ * , an alternative model of the converter is used along with the differential flatness approach to generate the control u 1av . C. Integration of controls. The controls designed in items A and B are interconnected through an inner control-loop, giving rise to the hierarchical controller.
High Level Control
Assuming, from the very beginning, that the DC/DC Buck-Boost converter and the inverter-DC motor subsystems operate independently, then, from Equations (3) and (4), the mathematical model associated with the inverter-DC motor is,
with ϑ being the motor armature voltage, defined by
According to [12, 35] , the flat-output of Equations (5) and (6) is F 2 = ω. Therefore, the model of the inverter-DC motor subsystems is rewritten in terms of such an output as,
From Equation (8), a control strategy that allows F 2 → F * 2 , with F * 2 being the desired angular velocity, is:
If Equation (9) is introduced in Equation (8), then the tracking problem related to the angular velocity of this subsystem is reduced to control the following:
where µ is an auxiliary control defined by
with δ 2 , δ 1 , and δ 0 being the control gains. Once Equation (11) is replaced in Equation (10), the tracking error is defined as e 2 = F 2 − F * 2 , and the derivative with respect to time of the resulting expression is calculated. Then, the tracking error dynamics is obtained:
whose characteristic polynomial in closed-loop is
By equating Equation (13) with the following Hurwitz polynomial:
with a 2 > 0, ξ 2 > 0, and ω n 2 > 0. Hence, the gains δ 2 , δ 1 , and δ 0 are determined by
thus, it is assured that F 2 → F * 2 .
Low Level Control
Considering that, it does not exist an interconnection between the Buck-Boost converter and the inverter-DC motor, that is i a = 0; from Equations (1) and (2) the following model is obtained:
Since a direct control strategy for the voltage υ leads to a non-minimum phase system, i.e., an infeasible system [36, 37] . In this paper, the first alternative model of the converter reported in [38] is used, instead of Equations (16) and (17),
where i is defined by
By expressing Equation (18) in terms of F 1 = υ,
and based on differential flatness theory [35] . A suitable definition for u 1av to achieve the control objective is,
After replacing Equation (21) in Equation (20), the tracking problem related to the voltage of the converter is reduced to control the following:
where η is an auxiliary control. With the aim of ensuring that F 1 → F * 1 , with F * 1 being the desired voltage, a convenient selection for η is
being (β 1 , β 0 ) positive constants. Once Equation (23) is replaced in Equation (22), the tracking error is defined as e 1 = F 1 − F * 1 , and the derivative with respect to time of the resulting expression is calculated. Then, the tracking error dynamics is obtained,
whose characteristic polynomial is
After equating Equation (25) with the following Hurwitz polynomial:
it is found that the gains β 1 and β 0 are given by
which guarantees that F 1 → F * 1 as long as (ξ 1 , ω n 1 ) > 0.
Integration of Controls
In order to solve the bidirectional angular velocity trajectory tracking task for the DC/DC Buck-Boost converter-inverter-DC motor system, a hierarchical controller is designed in this subsection.
By considering the mathematical model Equations (5) and (6), it was found that a control ensuring ω → ω * is given by Equation (9); that is,
where µ is determined by Equation (11) . On the other hand, ϑ was defined in Equation (7) as ϑ = υu 2av (29) and considers the voltage υ as the power supply of the inverter-DC motor subsystems. Thus, the control associated for these subsystems is found to be
Furthermore, since the inverter-DC motor is fed by a Buck-Boost converter, a control achieving υ → υ * is given by Equation (21); that is,
where η is determined by Equation (23) . Therefore, the hierarchical controller, resulting from the interconnection of controls Equations (30) and (31), executes the trajectory tracking of both the voltage and the bidirectional angular velocity of the system.
Experimental Results
With the aim of highlighting the contribution of this research, the hierarchical controller previously designed is experimentally compared with the passive controller recently reported in [31] . The experimental implementation of both controllers is carried-out on a built prototype of the DC/DC Buck-Boost converter-inverter-DC motor system. Thus, this section presents the experimental results associated with both controllers. That is:
• Hierarchical controller (designed in Section 3):
with
where the gains (β 1 , β 0 ) and (δ 2 , δ 1 , δ 0 ) are given, respectively, by
• Passive controller (recently reported in [31] ):
and [γ 1 , γ 2 ] > 0 with α defined as,
Experimental Testbed
The prototype used for implementing the hierarchical controller and the passive controller is described in this subsection. With the aim of a fair comparison the prototype reported in [31] , associated with the passive controller, has been used in this paper. In this way, the experimental results are obtained by using the diagram of the system in closed-loop shown in Figure 2 . In Figure 2 , connections of the experimental testbed to the DS1104 board and Matlab-Simulink are illustrated. The blocks composing such a figure are described below:
• DC/DC Buck-Boost converter-inverter-DC motor system. This block corresponds to the built prototype of the system under study. Regarding the DC/DC Buck-Boost converter, according to [31] , the following parameters are considered:
Whereas, four IRF640 transistors and two circuit-drivers IR2113 were used for the inverter. Related to the DC motor, an ENGEL GNM5440E-G3.1 (24 V, 95 W) is used whose parameters are: • Board and conditioning circuit. This block electrically isolates the DS1104 board from the power stage via the NTE3087 and TLP250 optocouplers. Also, this block drives the converter and inverter when generating, through PWM1 and PWM2, the switched inputs u 1 and u 2 , respectively. • Controllers. In this block, the synthesis and programming of the hierarchical controller Equations (32) and (33) and the passive controller Equations (36) and (37) (i) Signals acquisition: Acquires all the system measurements, i.e., υ, ω, i, and i a by using a P5200A differential voltage probe, two A622 current probes, and an Omron E6B2-CWZ6C incremental encoder, respectively. In this block, a signal conditioning (SC) is also performed in each signal.
(ii) Reference variables: Regarding the desired trajectories υ * and ω * , they were proposed for all the experiments as follows:
where ϕ(t, t i , t f ) is defined by the following polynomial:
Considering the aforementioned, the desired trajectories υ * and ω * smoothly interpolate between the initial voltage and velocity, selected as:
and the final voltage and velocity, chosen as:
that is, [t i , t f ] = [4 s, 6 s]. Thus, after replacing υ * (Equation (42) ) and ω * (Equation (43)) in Equations (38)- (41), the rest of the reference variables, this is, i * , i * a , u * 1av , and u * 2av are obtained. (iii) Hierarchical controller: Here, the implementation of controller Equations (32) and (33) is carried-out via Matlab-Simulink. Gains of this controller, i.e., (β 1 , β 0 ) and (δ 2 , δ 1 , δ 0 ), given by Equations (34) and (35), were obtained by selecting its parameters as follows:
(iv) Passive controller: The controller Equations (36) and (37) is programmed in this block through Matlab-Simulink. Gains of this controller, i.e., γ 1 and γ 2 , were chosen as:
Lastly, a photograph of the system in closed-loop is shown in Figure 4 . 
Experimental Results
With the intention of showing the contribution of this research, in this subsection, the experimental results of the hierarchical controller, proposed in this paper, and those of the passive controller recently published in [31] are presented. Both controllers are implemented on the built prototype of the DC/DC Buck-Boost converter-inverter-DC motor system shown in Figure 4 .
The experimental results are reported as follows. On the one hand, in Figures 5 and 6 , the results associated with the hierarchical controller, that is, Equations (32) and (33) , correspond to υ h , i h , u 1av h , ω h , i a h , and u 2av h . The results related to the passive controller, that is, Equations (36) and (37) , are υ p , i p , u 1av p , ω p , i a p , and u 2av p . On the other hand, in Figures 7 and 8 , the results of the tracking errors associated with the hierarchical controller correspond to e υ h , e i h , e ω h , and e i a h . These errors have been defined as,
While the results of the tracking errors related to the passive controller are e υ p , e i p , e ω p , e i ap , and have been defined as,
The experimental implementation of the system in closed-loop takes into account abrupt variations in parameters R and E. Considering such variations in these parameters is extremely important in control design, since they are the most common changes in this type of systems.
Experiment 1
With the aim of assessing the performance of both hierarchical controller and passive controller, this experiment presents the behavior of the system when the following abrupt variation in R is considered:
In Figure 5 the corresponding results, related to Equation (46), are depicted. Figure 7 shows the tracking errors related to system variables, i.e., υ, i, ω, and i a , for both controllers.
Two important aspects can be observed in Figures 5 and 7: (1) in general, both controllers solve the trajectory tracking task; however, the hierarchical controller achieves a small tracking error; (2) related to robustness, when perturbation Equation (46) is considered the passive controller stops executing the tracking task, whereas the hierarchical controller solves it successfully. On the other hand, for both controllers, u 1av and u 2av never get saturated. . Graphics related to tracking errors, when the abrupt variation in R (Equation (46) 
Experiment 2
In this experiment, the performance of both controllers is assessed when an abrupt variation in power supply E is introduced. For this objective, the following variation in E is proposed: E m = E 0 ≤ t < 7.5 s, 50%E 7.5 ≤ t ≤ 10 s.
The experimental results of both controllers, when perturbation Equation (47) is considered, are shown in Figure 6 . Whereas the corresponding tracking errors are depicted in Figure 8 . From the obtained results, even if abrupt variations appeared in power supply E, it is observed, again, that the hierarchical controller solves in a better way the tracking task of main variables, i.e., υ and ω. Meanwhile, the passive controller does not achieve the tracking task when the abrupt change appears in E.
Conclusions
By means of designing a robust controller, the tracking task associated with the DC/DC Buck-Boost converter-inverter-DC motor system has been solved. The practical implementation of such a controller was performed using Matlab-Simulink along with the DS1104 board on a built system prototype. The experimental results successfully demonstrate the effectiveness and robustness of the proposed controller.
In order to accomplish the aforementioned, and based on the hierarchical controller approach, two controls based on differential flatness were developed; one of them for the DC/DC Buck-Boost converter and the other for the inverter-DC motor subsystems. Then, the hierarchical controller was experimentally implemented on a built prototype of the system. With the aim of showing the good performance of the controller proposed in this paper, an experimental comparison was carried-out with the passive controller recently reported in [31] . After an assessment of the obtained results, when abrupt perturbations in R and E are considered, it is shown that the system performance with the hierarchical controller is better than the one achieved with the passive controller when the trajectory tracking task is solved.
Motivated by the obtained experimental results, related to the robustness of the proposed controller for the DC/DC Buck-Boost converter-inverter-DC motor system, applications in mobile robotics [2] [3] [4] 34] and underactuated mechanical systems [32, 33] are considered as future work.
